We present work on the application of a thermal wet oxidation process to the fabrication of quantum cascade lasers. The native oxide of the Al 0.48 In 0.52 As upper cladding layer was formed and used to provide electrical and optical confinement for lasers operating at Ϸ5 m. Initial results include 1.4 W peak output power and 0.69 W/A slope efficiency at 10 K, and a reduced temperature dependence of the threshold current density ͑T 0 ϭ142) K. © 2000 American Institute of Physics.
Since the invention of the quantum cascade ͑QC͒ laser in 1994 by Faist et al., 1 these midinfrared emitters have undergone rapid development. QC lasing has been demonstrated in both the InP-In 0.53 Ga 0.47 As-Al 0.48 In 0.52 As and GaAs-Al x Ga 1Ϫx As materials systems. 2 The native oxides of III-V semiconductors formed by thermal wet oxidation have become important materials for many optoelectronic devices since their development began a decade ago. 3, 4 The oxides formed by this reaction are stable, have a low refractive index and good electrical insulation making them extremely useful in semiconductor laser fabrication ͑for a review see, for example Ref. 4͒ . The process was first demonstrated by Holonyak and his co-workers in the GaAs-Al x Ga 1Ϫx As system, 3 and later extended to materials lattice-matched to InP by Caracci et al., 5 where the native oxide of Al 0.48 In 0.52 As was employed in gain-guided conventional lasers. In planar ͑vertical͒ selective thermal wet oxidation ͑PSWOX͒ of AlInAs, the reaction begins at the AlInAs surface and proceeds downward through the semiconductor epilayer, using H 2 O to convert it into an oxide which is mainly composed of an amorphous matrix (AlO x ,As), with inclusions of crystallized In 2 O 3 . 6 We present preliminary work on the application of a PSWOX process to the fabrication of InP-In 0.53 Ga 0.47 As-Al 0.48 In 0.52 As quantum cascade lasers.
QC lasers usually employ an etched mesa structure for electrical and optical confinement, but the removal of material adjacent to the mesa means that there is a reduction in the lateral heat extraction. Heat dissipation is of prime importance in QC lasers, owing to the high electrical power required for operation and the dependence of performance on the nonequilibrium phonon population. 7 We report a fabrication technique applied to a QC laser design which provides electrical and optical confinement by conversion ͑rather than removal͒ of the Al 0.48 In 0.52 As upper cladding to a native oxide. The initial results are presented which show that the technique produces QC lasers with high output power and a reduced temperature dependence of the threshold current ͑larger T 0 ) compared to their mesa-etched counterparts.
The layer structure was grown by solid source molecular beam epitaxy using As 2 . It used an AlInAs ternary upper cladding layer and was based on a design first reported by Faist et al. 1 We used a 20-nm-thick InGaAs contact layer doped with Si to N d Ϸ2ϫ10 19 cm Ϫ3 . Processing commenced with the deposition of a 200 nm layer of silica by plasma-enhanced chemical vapor deposition. Two 60-mwide windows, separated by 20 m, were made through the silica using photolithography and wet etching. Removal of the 20 nm InGaAs contact layer and underlying 28 nm graded superlattice region was carried out by wet etching in a 1:1:200 H 2 SO 4 :H 2 O 2 :H 2 O solution. This exposed the 2.5-m-thick AlInAs upper cladding layer, ready for the subsequent thermal wet oxidation. The remaining silica mask formed a barrier to the water vapor during the wet oxidation and only the uncovered areas were converted to the native oxide. The sample was placed in a nitrogen-purged reaction furnace at 500°C which was then supplied with 0.5 l/min of nitrogen bubbled through a flask containing deionized water held at 98°C for a duration of 90 min. Using photolithography and dry etching with a C 2 F 6 plasma, an 8-m-wide contact window was made in the 20-m-wide silica stripe between the two wet oxidized regions. The existing silica oxidation mask was left elsewhere to serve as the electrical insulation layer. A Ti/Pd/Au layer was evaporated as a contact to the epilayer and an Au/Ge/Au/Ni/Au layer was deposited on the substrate after thinning to ϳ170 m. The sample was cleaved into 2 mm ͑Ϯ0.1 mm͒ long laser bars and soldered epilayer up onto a TO-5 header with indium solder. Gold-wire connections were made to the Ti/Pd/Au contact using ultrasonic bonding. From a fabrication-based point of view this method of producing QC lasers has a number of advantages. The planar design facilitates epilayer down mounting, and simplifies the alignment of the contact window. In fact, the alignment of a contact window can be completely avoided if the entire surface area between adjacent laser waveguides is permitted to oxidize. A subsequent dry etch with C 2 F 6 removes the silica oxidation mask, but leaves the native oxide intact, allowing a self-aligned process, and thereby reducing the total number of photolithographical steps required for Fabry-Perot QC lasers to just one. Figure 1͑a͒ shows a scanning electron microscope ͑SEM͒ cross-section of the completed PSWOX QC laser at the edge of the oxidation mask. The SEM shows a darkened region extending ϳ0.65 m down from the upper surface of the AlInAs cladding. Here the semiconductor has been exposed to the steam and is labeled ''native oxide.'' Below the AlInAs upper cladding lies the QC laser waveguide core. The core contains nearly 500 lattice matched AlInAs and GaInAs layers sandwiched between two 300 nm GaInAs layers. Figure 1͑b͒ shows a plan view image of a section of the laser before the final metallization has been carried out. In the center, running vertically, is the 20-m-wide optical waveguide. The lighter bar in the center of the waveguide corresponds to the region where the silica oxidation mask has been removed to form the 8-m-wide contact window. The 60-m-wide dark regions on either side of the waveguide are the native oxide layers. The subsequent metallization step makes contact to the waveguide through the 8-mwide contact window and, the lateral spread of injected current is limited by the nonconducting oxide regions. Furthermore, the low refractive index of the oxide ͑nϷ1.67 at ϭ1.55 m͒ 6 provides optical confinement in the lateral direction. The limited depth of this oxide region implies that these lasers are similar to rib mesa QC lasers ͑see, for example, Ref. 8͒.
For characterization, the lasers on the TO-5 header were mounted on the temperature-controlled cold-head of a closed-cycle helium-flow cryostat and driven with 50 ns current pulses with a repetition rate of 1 kHz. Emission from the laser was collected and focused via two gold-coated parabolic mirrors into a Fourier transform infrared spectrometer operating in step-scan mode with a resolution of 0.5 cm Ϫ1 . Figure 2 shows the spectrum of the light from a 2-mm-long PSWOX QC laser taken at 10 K with a drive current of 3.70 A. The longitudinal Fabry-Perot mode structure is clearly visible and the measured mode spacing of ϳ0.75 cm Ϫ1 indicates a modal effective index of n eff ϭ3.3Ϯ0.2, agreeing with the value of n eff ϭ3.27 calculated for the fundamental mode of the waveguide. Figure 3 shows the light-current curves for the same device at different heat sink temperatures. The laser emission was measured with a calibrated, liquid nitrogen-cooled Graseby mercury cadmium telluride ͑MCT͒ detector. A collection efficiency of 15% was assumed, and the collected light was attenuated by a further 98% to avoid saturation effects on the MCT detector. Independent checks on the system calibration by another quantum cascade laser group suggest that the laser power calibration procedure is accurate to within 16%. Output power levels and temperatures requiring drive currents greater than 4.5 A were not investigated because of the limitations of the current pulse generator used. At 10 K, the PSWOX device has a threshold current of I th ϭ2. 4 A. An optical output power of 1.4 W was measured from a single facet at a drive current of 4.5 A. A best fit of the data at 10 K gave an average slope efficiency of 0.69 W/A for a single facet. Calculating the slope of the graph of heatsink temperature versus ln(I th ) yields a characteristic temperature of T 0 ϭ129 K, where I th ϰexp(T/T 0 ). We have also measured T 0 values of 138 and 142 K for two other PSWOX lasers of identical dimensions, fabricated on the same 6 mm by 5 mm portion of wafer, but mounted epilayer-up on a copper block ͑rather than a TO-5 header͒. These values compare with a T 0 value of 110 K for a laser we fabricated from the same wafer but using a conventional mesa fabrication methods, and with a T 0 value of 114 K reported by Faist et al. 1 with a similar wafer design and mesa-etched laser. We attribute the improved T 0 of the PSWOX QC lasers to a reduction in the thermal resistance through enhanced lateral heat extraction. Similar improvements in the value of T 0 have been reported for rib-mesa or ''shallow-etched'' mesa in QC lasers in which only the up- per cladding was removed. 8 A direct comparison of T 0 values is not possible since these QC lasers were based on different QC wafer designs emitting at other wavelengths.
Additional evidence indicating that optical confinement is provided by the native oxide can be deduced from the far-field emission patterns of the laser. Figure 4 compares the far-field scan taken normal to the epitaxial layers ͑vertical profile͒ with that taken parallel to the layers ͑horizontal or lateral profile͒. In both measurements the laser was operated in pulsed mode at 10 K. The MCT detector ͑1 mmϫ1 mm element size͒ was scanned across the output beam at a distance of ϳ40 mm from the laser facet. In the vertical direction, the optical mode is strongly confined by the thin epitaxial layer. Calculation indicates that the majority of the fundamental mode is confined within ϳ3 m of epitaxial material due to the plasma-enhanced optical confinement. 1 As expected, the measured vertical profile was broad, concurrent with emission from an aperture comparable in dimension to the wavelength of the emitted light. The measured horizontal profile, in which the optical mode was confined by the native oxide, was ϳ6 times narrower than the vertical profile indicating, from first order diffraction theory, that laser emission in the lateral direction originated from an aperture of ϳ18 m in width. This accords with the measured aperture width of ϳ19 m obtained from SEM measurements. However, due to the uncertainty in the magnitude of the current spreading, and therefore the area into which current is injected, a meaningful comparison of threshold current densities and waveguide losses with mesaetched QCLs cannot be made here.
In conclusion, we have reported a method for fabricating quantum cascade lasers which uses native oxide to define a current aperture and waveguide. Like rib-mesa structures, this fabrication technique has produced QC lasers which have improved performance, including reduced temperature dependence of the threshold current along with high output powers. We are currently investigating the use of higher drive currents which are required for higher temperature and output power operation, deeper oxide layers for improved current confinement, and studies of the thermal and midinfrared optical properties of the native oxide of Al 0.52 In 0.48 As.
